Coumarins generate strong interest stemming from their great physiological and biological activities 1) which is further exemplified by their roles as anticoagulants (dicoumarols/ warfarins), aflatoxins and psoaralens, 2) the important drugs in use. Apart from the above, their role as caging agents in photoactivable "caged" analogues of biomolecules, cytidine diphosphate and glutamic acid, 3) and as probes for reactive oxygen species (ROS) 4) spurred further interest in these compounds. Earlier studies from our laboratory 5, 6) on biological activity of coumarins and their complexes, showed significant enhancement of antibacterial and antifungal activity of the coumarin derivative on complexation. Keeping this in mind, and in continuation of our previous studies, [5] [6] [7] in the present contribution we report the synthesis and characterisation of Ln(III) complexes with a potentially quadridentate ligand, 3-acetylcoumarin-o-aminobenzoylhydrazone (ACAB) and effect of complexation on biological activity of this ligand.
Experimental
Materials Reagent grade chemicals were used without further purification. Methyl anthranilate was obtained from S.D. Fine Chemicals Ltd. and Hydrazine hydrate was from Rankem. 3-Acetylcoumarin and o-aminobenzoylhydrazide were synthesized according to literature method. 8, 9) Physical Measurements The metal contents of the complexes were determined by complexometric titrations against EDTA. 10) Carbon, Hydrogen and Nitrogen contents were determined by using a Carlo-Erba Strumentazione (Italy) CHN analyzer. Molar conductivities in DMSO (10 Ϫ3 mol l Ϫ1 ) at room temperature (26°C) were measured using an Elico conductivity bridge having platinum electrodes. Magnetic moments were determined by a Faraday balance. The IR spectra of ligand and its metal complexes were recorded on a Nicolet 170 SX FT-IR spectrometer in the range 400-4000 cm Ϫ1 using KBr discs. The EPR spectrum of the Gd(III) complex was recorded on a Varian E-4X band spectrophotometer. The 1D and 2D NMR spectra of the ligand were recorded in DMSO-d 6 on Bruker AMX 500 spectrometer operating at 500. 20 and 1000°C using a Perkin-Elmer (Pyris Diamond) Analyzer. Lanthanide nitrates were prepared by dissolving the corresponding oxide (99.99%, Indian Rare Earth) in 50% HNO 3 , followed by the evaporation of the excess acid. The ligand (ACAB) was synthesized according to the scheme (Chart 1).
Synthesis of Ligand 3-Acetyl coumarin (18.81 g, 100 mmol) was added to the solution of o-aminobenzoylhydrazide (15.1 g, 100 mmol) in methanol (130 ml) and stirred for 2-3 h, which yielded an orange crystalline product, which was filtered, washed with alcohol and air-dried. It was further recrystallised from methanol. (Yield 92%, mp 115-116°C.) Preparation of Complexes Ln(NO 3 ) 3 (1 mmol) dissolved in minimum quantity of methanol was added to a hot solution of ligand (1 mmol) in 30 ml methanol/CHCl 3 (1 : 1, v/v) and refluxed for 1 h. The pH was then raised to 6.5 by adding methanolic solution of sodium acetate and was further refluxed for 4-5 h. The clear orange solution formed was concentrated to a small volume and the precipitate obtained was washed swiftly with cold distilled water and air-dried. (Yield 85%, mpϾ250°C.)
Results and Discussion
The reaction of ACAB with Ln(NO 3 ) 3 resulted in the formation of complexes of the composition [Ln(ACAB) 2 16) The EPR spectra (both at RT and LNT) were broad having similar ͗g͘ value of 2.0, which is nearly equal to the free electron value (TCNE ͗g͘ϭ2.00277). Similar line widths at both the temperatures indicate spin-lattice and spin-spin relaxation processes contribute equally to line width.
IR Spectra The IR band assignments are given in Table  2 . IR spectra of the complexes shows that ACAB behaves as a bidentate ligand, coordinating through hydrazide carbonyl and azomethine nitrogen, with the carbonyl of lactone and ring -NH 2 remaining free. The coordinating behavior of the ligand is shown in Fig. 1 . (Lattice molecules have been omitted for clarity.)
In the free ligand, a sharp peak at 3646 cm Ϫ1 is due to the presence of a methanol molecule, which fulfils a space-filling role in the lattice. Single crystal study of the ligand indicates that it is involved in a series of intermolecular and intramolecular hydrogen bondings 17) and the relevant ones are shown in Fig. 2 .
The hydrazide carbonyl is intramolecularly hydrogen bonded ( Fig. 2 ) with hydrogen of -NH 2 and lattice held methanol. Similarly, the lactone carbonyl oxygen is intermolecularly hydrogen bonded with amide NH, H5C and CH 3 group. The nNH stretch is observed at 3260 cm
Ϫ1
. The bands at 3437 and 3367 cm Ϫ1 were assigned to the n(asym) and n(sym) vibrations of the -NH 2 group respectively. 18) A band at 1584 cm Ϫ1 is assigned to the -NH deformation mode of the primary amine. 19) Intense bands observed at 1695 and 1649 cm Ϫ1 were assigned to the n(CϭO) lactone 20) and n(CϭO) 21) of the hydrazide group, respectively. A band at 1617 cm Ϫ1 was ascribed to the n(CϭN) of the azomethine group. 20) Because of the involvement of lactone carbonyl in hydrogen bonding with the CH 3 group, it is observed at a lower frequency. 17) The amide II band is observed at 1518 cm Ϫ1 whereas a band at 1248 cm Ϫ1 is assigned to the amide III band. 17) The presence of the n(CϭO) or amide I band at a relatively low wave number (1649 cm
) suggests the involvement of the carbonyl oxygen in strong intramolecular hydrogen bonding with the NH 2 group 22) as mentioned earlier. On complexation, the n(CϭO) of hydrazide is shifted to lower wave number (1644-1646 cm Ϫ1 ) as is the amide II band 21) which is also shifted to lower frequency (1512-1516 cm
) whereas the amide III band (1248 cm
) undergoes a shift to higher frequency (1256-1262 cm Ϫ1 ). 23) These changes in amide group vibrations indicate the coordination of the amide oxygen to the metal ion. 24, 21) Increase in lactone carbonyl frequency (13-21 cm Ϫ1 ) has been observed, which is attributed to the deconjugation of the carbonyl group due to coordination via azomethine nitrogen 25) and breakdown of hydrogen bonding between lactone oxygen and hydrogen of methyl group.
Further, coordination of the azomethine nitrogen to the metal leads to reduction in electron density of the azomethine linkage, which results in a downward shift (10-11 cm
) of n(CϭN) band. 26, 27) The complexes exhibit bands at 1488 (n 4 ), 1285 (n 1 ), 1029-1035 (n 2 ), 810-813 (n 6 ), 751-754 (n 3 ) and 693-695 cm Ϫ1 (n 5 ) corresponding to the coordinated nitrate molecules. The magnitudes of n 4 -n 1 and n 3 -n 5 lie in the range 207-208 cm Ϫ1 and 50-58 cm Ϫ1 respectively, which is characteristic of bidentate coordination of nitrate moiety. 28) A broad band between 3370-3380 cm Ϫ1 due to coordinated water molecules obscures the NH 2 stretching frequencies. However the non-involvement of the latter in coordina- . The presence of ionic nitrate is in confirmation with the conductivity measurements.
1 H-NMR Spectra The 1 H-NMR spectra of ACAB and its La(III) complex was recorded in DMSO-d 6 and the spectral assignments (Table 3) have been made based on comparisons with NMR assignments of 3-acetylcoumarin and methyl anthranilate 30, 31) and 2D HETCOR (HMQC) (Fig. 3) 
NMR of ACAB.
A sharp singlet appearing in the upfield region at 2.31 ppm integrates for three protons of the methyl group (Fig. 2) . The signal due to -NH (D 2 O exchangeable) appears at 10.59 ppm as a broad singlet and corresponds to one proton. A signal at 6.22 ppm is assignable to protons of the free -NH 2 (exchanges with D 2 O) and accounts for two protons. The aromatic protons are observed in the range 6.59-8.23 ppm.
A multiplet at 7.42 ppm is formed by the merger of a doublet and a triplet of H12 and H14. Three doublets at 7.88, 7.56 and 6.76 ppm are due to H5, H15 and H2. The triplets at 7.66, 7.21 and 6.59 ppm are ascribed to H13, H3 and H4. A sharp peak at 8.23 ppm is due to the H10 of the coumarin moiety.
A quartet and a singlet at 4.12 and 3.17 ppm are due to -OH and -CH 3 protons of the lattice held methanol molecule. In this case, the coupling interaction between -CH 3 and -OH was observed leading to splitting of the -CH 3 peak (Jϭ5.1 Hz). 17) In the 1 H-NMR spectrum of La(III) complex, the -NH 2 signals remain almost unperturbed at 6.21 ppm indicating the non-involvement of this group in coordination. The signals due to -NH and -CH 3 remain almost unchanged at 10.60 and 2.31 ppm. The aromatic protons do not show any shift com- pared to the ligand and are observed at 6.59-8.23 ppm, indicating that the lactone oxygen and the -NH 2 moiety are not involved in coordination.
13
C-NMR Spectra The 13 C-NMR spectra of ACAB and its La(III) complex was carried out in DMSO-d 6 and the assignments are shown in Table 3 . In spectra of ACAB, the carbon of lactone carbonyl is observed at 154.70 ppm. A peak at 17.04 ppm is due to carbon of the -CH 3 group. The methyl carbon (Fig. 2) of the lattice held methanol appears at 49 ppm. In the spectra of the La(III) complex, the signals are observed at the same position as in ligand. However, the C7 signal of hydrazide CϭO group is shifted to 162.14 ppm from 160.14 ppm confirming the coordination of carbonyl to metal ion. An intense peak at 150.51 ppm assigned to C1 and C8 in ACAB undergoes a splitting into two signals appearing at 150.51 and 152.01 ppm on complexation, indicating the coordination of CϭN to the metal ion. The C16 and C17 signal appears as a single line at 154.30 ppm in the ligand. In the complex, it splits into two lines with a new signal appearing at 154.28 ppm which was earlier merged with the lactone ϾCϭO, indicating complexation of n(CϭN) to the metal. Electronic Spectra The UV-Visible spectrum of the ligand exhibits bands at 299 and 332 nm assigned to the n-p* transitions. The spectra of the complexes were similar with a slight shift of spectral bands to lower energy compared to the respective aquo ions.
32) The nephelauxetic parameter (b), 33) bonding parameter (b 1/2 ) 34) and Sinha's covalency parameter (d) 35) and angular covalency (h) for the Dy(III) and Nd(III) complexes are presented in Table 4 . The Sinha's parameter . The intensity of the f-f transitions presents an interesting observation. The intensity of the normal f-f transitions does not show much change. However the hypersensitive transitions (environment sensitive transitions) are found to show large changes in intensity. According to Karraker, 36) the shape and intensity of these transitions indicate the geometry of the complex. In the present complexes, nephelauxetic ratio (b) being less than one and positive values of b 1/2 and d indicate slight covalent bonding between metal and ligand.
Thermal Analysis The TG/DTA curve of a representative La(III) complex suggests the following stages of decomposition. The first step of decomposition in the temperature range between 24-100°C indicates the loss of a lattice held water molecule. The observed value is in accordance with calculated one (Obs: 1.32%, Calc: 1.77%). The next weight loss occurs between 197-263°C, which corresponds to the loss of two coordinated water molecules is indicated by an exothermic peak on the DTA curve. (Obs: 4.47%; Calc: 4.84%). The subsequent weight loss in the temperature range 263-290°C corresponds to the loss of an ionic nitrate molecule (Obs: 10.94%; Calc: 10.54%). Further weight losses in the region 290-723°C correspond to the loss of two coordinated nitrates and two coordinated ligand molecules. Finally it decomposes to the most stable oxide La 2 O 3 . The weight of the residue is in good agreement with the metal contents obtained by analytical measurements.
Biological Evaluation The biological activity of the ligand and complexes (Table 5 ) was screened simultaneously with metal salts, and the standards, against the fungi Aspergillus niger (AN) and Penicillium notatum (PN) and the bacteria Pseudomonas aeruginosa (PA) and Bacillus cirroflagellosus (BC) by the cup-plate method.
37) The concentration used for testing was 1 mg/ml of DMSO. Grisofulvin and Norfloxacin were used as standards against fungi and bacteria respectively. DMSO was used as the control. The cultures of the fungi and the bacteria consisted of peptone (0.6%), yeast extract (0.3%), beef extract (0.13%) and nutrient agar. The nutrient agar further consisted of definite volumes of peptone (0.5%), yeast extract (0.15%), beef extract (0.15%), NaCl (0.35%), dipotassium phosphate (0.36%) and potassium dihydrogen phosphate (0.13%).
Wells were made by scooping out the nutrient agar with a sterile cork borer. The solutions of the test compounds (0.1 ml) were added to the wells using sterile pipettes. The plates were further incubated for 37°C for 48 h. The antimicrobial activity was estimated on the basis of size of inhibition zone formed around the wells in the plates.
The ligand ACAB was less active against both the fungi and bacteria. In case of AN, the Gd(III), Tb(III), Dy(III) and Y(III) complexes showed enhanced activity compared to the ligand whereas the remaining complexes showed equal activity. In case of PN, Nd(III) complex showed enhanced activity compared to ligand. The complexes were inactive against PA compared to ligand. This inactivity stems from the higher lipid content in the cell membrane of PA compared to BC which prevents easy diffusion of complex into the cell. The complexes exhibited moderate activities against BC compared to the ligand and Eu(III) complex which were less ac- 
tive. The coumarin ring has been found to have a toxic effect on microorganisms. 38) On comparison with the ligand the complexes were found to have increased activities which is attributed to the synergistic effect that increases the lipophilicity of the complex.
39) The increased lipophilicities of complexes permit easy penetration into lipid membranes of organisms and facilitates blockage of metal binding sites in enzymes.
